The results of calculations of the thermodynamic properties of liquid Ag-In-Sb alloys are presented in this paper. The Redlich-Kister-Muggianu model was used for the calculations. Based on known thermodynamic data for constitutive binary systems and available experimental data for the investigated ternary system, the ternary interaction parameter for the liquid phase in the temperature range 1000-1200 K was determined. Comparison between experimental and calculated results showed their good mutual agreement.
INTRODUCTION
Indium-based, lead-free alloys belong to a group of solders considered as a possible alternative to conventional Pb-bearing solders in step soldering, which are required for high density packaging of multi-chip modules demanding a number of solders with melting points over a wide temperature range. 1, 2 Among the numerous indium-based candidate solders are the Ag-In-Sb alloys, usually applied for electronic assembly. 1, 3, 4 Recently, these alloys have become interesting for optical recording, as a constitutive part of multi-component Ag-In-Sb-(Te, Se) systems. [5] [6] [7] There are just a few references on investigations of the phase diagram [8] [9] [10] [11] and thermodynamic research 10, [12] [13] [14] [15] of ternary Ag-In-Sb alloys, compared to the available thermodynamic data on the constitutive binaries. As a contribution to a more complete knowledge of the thermodynamic behavior of this lead-free solder system, the results of calculations of the thermodynamic properties for liquid Ag-In-Sb alloys, using the Redlich-Kister-Muggianu model, are presented in this paper. Such a set of thermodynamic data for liquid Ag-In-Sb alloys could be useful for the further assessment of this system.
Thermodynamic properties of the Ag-In-Sb ternary system and the constitutive binary systems

Ag-In system
Heats of formation of the solid alloys at 723 K have been measured using a liquid tin solution calorimeter by Kleppa 16 and Orr and Hultgren, 17 while Nozaki, 18 Beja, 19 Alcock, 20 Castanet, 21 Predel and Schallner 22 and Masson 23 determined the enthalpies of mixing and activities of the constitutive components at different temperatures using different experimental methods. Also, the activities of indium in the liquid phase at different temperatures are presented by Alcock, 24 Kameda, 25 Qi 26 and Bienzle and Sommer. 27 A thermodynamic assessment of this system was performed by Korhonen and Kivilahti 28 and, recently, by Moser et al. 29 
In-Sb system
The experimental determination of the enthalpies of mixing of liquid In-Sb alloys using a sensitive calorimeter at 953 K is presented by Predel and Oehme, 30 while Kameda and Tanabe 31 presented the results of electromotive force measurements. A thermodynamic assessment of this system was performed by Ansara et al. 32 and Cui et al., 33 while Akinlade et al. 34 calculated the thermodynamic properties of In-Sb alloys using a model based on a four-atom cluster model.
Ag-Sb system
Calorimetric measurements of the heats of mixing of the liquid alloys at different temperatures have been done by Castanet et al., 35 Predel and Emam 36 and Kleppa. 16 Hino et al. 37 determined the activities of antimony in liquid Ag-Sb alloys, in the temperature range 1273-1473 K, using vapour pressure measurements. The results of electromotive force measurements for liquid alloys in different composition ranges over a wide temperature range were given by Okajima and Sakao, 38 Nozaki et al. 39 and Krzyzak and Fitzner. 40 A thermodynamic assessment of this system was made by Oh et al. 41 
Ag-In-Sb system
There are only two references 12, 13 in the literature dealing with the experimental determination of the thermodynamics of liquid Ag-In-Sb alloys. Itabashi et al. 12 performed electromotive force measurements with a zirconia solid electrolyte for the determination of indium activities in a few sections of the investigated system in the temperature range from 970 to 1280 K. The other reference is the work of Gather et al., 13 who determined the enthalpies of mixing in the liquid state for chosen sections in the Ag-In-Sb system at 1253 K using a heat flow calorimeter. Also, there are some results, 11, 14, 15 which are the part of research activities of Group Project 8 members, within the framework of COST 531 Action, as well as the thermodynamic properties of this system that have been presented recently by Liu et al. 10 
RESULTS AND DISCUSSION
It has been suggested 11 that the ternary system Ag-In-Sb should be regarded as a symmetric system and the Muggianu type symmetry was determined to be the most adequate for its thermodynamic description.
Therefore, the Redlich-Kister-Muggianu expression 42 was applied for the description of dependence of the Gibbs excess energy, G E , for ternary liquid Ag-In-Sb alloys (taking the other Ag-In-Sb as 1-2-3) on composition and temperature:
where: L ij -are Redlich-Kister parameters for a binary system ij; f 123 -the ternary interaction parameter, usually expressed in the form:
with a temperature dependence taken as
where L ijk are Redlich-Kister parameters for a ternary system ijk; and x i -the mole fraction of component i. The Redlich-Kister parameters for the constitutive binary systems Ag-In, In-Sb and Sb-Ag were taken from the COST 531 database, 43 according to the works of Moser et al., 29 Ansara et al., 31 and Oh et al., 40 respectively. The values of the Redlich-Kister parameters for the liquid phase in the temperature range 1000-1200 K are given in Table I.   TABLE I . Redlich-Kister parameters for the liquid phase of the constitutive binaries in the temperature range 1000-1200 K Equation (1) was used in the determination of the ternary interaction parameter, which was introduced to fit literature experimental data. 12 The literature data include indium activity values in three sections with a mole ratio Sb:Ag = 4:1, 1:1 and 1:4 in the temperature range 1000-1200 K, 12 used for the derivation of G E according to the well-known Darken equation:
The results of the fitting, which was done using MLAB software 44 and based on known Redlich-Kister parameters for the liquid phase of the constitutive binaries (Table I ), show that the best fitted value of the ternary interaction parameter f AgInSb for the liquid phase in the ternary Ag-In-Sb system is constant and equal to 11683.925 J/mol in the temperature range 1000-1200 K.
The existence of the ternary interaction parameter means that higher-order interactions are evident in the ternary system and it is expected to be temperature dependent. But in the case of Ag-In-Sb liquid alloys, MLAB application shows that a constant value of the ternary interaction parameter fits the starting experimental data most appropriately. Such a behavior of the investigated system is an indication of the existence of ternary interactions, but not so significant as those arising from the binary terms.
In order to assess the accuracy and influence of the calculated ternary interaction parameter, a comparison between the available experimental literature data 12 and the results calculated according to the Redlich-Kister-Muggianu expression, 43 both with and without the use of the ternary interaction parameter, was made. The comparative review of these results, presented as the dependence of the indium activity coefficient, g In , on the composition in three given sections with molar ratios of Sb:Ag equal to 4:1, 1:1 and 1:4 at 1200 K is shown in Fig. 1 . As can be seen from Fig. 1 , there is a good agreement between the experimental data 12 and the obtained calculated results. The influence of the ternary interaction parameter is not very significant in this case, although a slightly better agreement with the experimental data may be noticed if the ternary interaction parameter was used.
Additional thermodynamic calculations were made in five sections of the ternary Ag-In-Sb system from any corner with mole ratios of the other two components equal to 1:9, 1:4, 1:1, 4:1 and 9:1 at a temperature of 1200 K. The values of the integral molar excess Gibbs energies for the chosen sections, calculated by the Redlich-Kister-Muggianu model 43 using the determined ternary interaction parameter, are presented in a diagram of G E iso-lines (Fig. 2) .
It can be noticed that the integral molar excess Gibbs energies for all the investigated sections and at all investigated temperatures are negative, with a minimum value of about -7 kJ/mol.
Based on the calculated values of integral molar excess Gibbs energies, partial molar Gibbs energies were derived, which enabled the further determination of the activities of the three constitutive components. The isoactivity curves for silver, indium and antimony at the same temperature are graphically presented in Fig. 3 .
Silver exhibits a negative deviation from ideal behavior in all the investigated sections, being more negative nearer to the indium side. The same trend is typical for indium, except in a concentration range above x In = 0.6 for the sections Sb:Ag = 1:4 and 1:9. Antimony shows a slight positive deviation only in the concentration interval x Sb = 0.4-0.7 for the sections with a higher content of silver, while for the other part of the system, a negative deviation from the Raoult law is noticed.
The other set of experimental thermodynamic data presented in literature, 13 which includes the enthalpies of mixing of liquid Ag-In-Sb alloys measured at the temperature of 1253 K, has also been considered. The enthalpy of mixing was derived by application of the Gibbs-Helmholtz equation, as follows:
taking that H M id = 0, so H E = H M . 45 The comparison between the available experimental data 13 in the sections with mole ratios Sb:In = 4:1, 1:4, 3:2 and 2:3 and the results for the enthalpies of mixing derived from the Redlich-Kister-Muggianu expression, Eq. (1) and Eq. (3), was made and is shown in Fig. 4 .
The agreement between the experimental and calculated results could be noticed in this case, too. The values for enthalpies of mixing are negative over the whole composition range of the investigated ternary system, having a minimum of about -4.5 kJ/mol. 
CONCLUSIONS
According to thermodynamic investigations of the Ag-In-Sb system presented in this paper, the following observations could be made:
-The Redlich-Kister-Muggianu model was used to describe liquid Ag-In-Sb alloys thermodynamically. Based on the known thermodynamic data for the constitutive binary systems and the available experimental data for the investigated ternary system, the characteristic ternary interaction parameter for the liquid phase in the temperature range 1000-1200 K was determined to be 11683.925 J/mol.
-Comparison between the experimental 12,13 and calculated results shows that they are in a good mutual accordance. Although a slightly better agreement with the experimental data could be noticed when the ternary interaction parameter was used, its influence is not very strong in the case of liquid Ag-In-Sb alloys.
-The values of the integral excess Gibbs energies and the enthalpies of mixing are uniform, having negative values over the whole composition range of the investigated ternary system and with a minimum of -7 kJ/mol and -4.5 kJ/mol, respectively. The activity values for silver, as well as for indium and antimony, exhibit negative deviations in all the investigated sections, except in a narrow concentration range for the sections with higher contents of silver. Such a thermodynamic behavior indicates a good miscibility between the constituent components.
Finally, the presented thermodynamic data for the Ag-In-Sb alloys, compensating a lack of data for these alloys, could be useful for the further assessment of this system, its phase diagram determination and interpretation of the phenomena occurring in multicomponent lead-free system based on indium. 
